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INTRODUCTION 
One of the challenges in the acoustoelastic measurement of stress is the achievement 
of high spatial resolution. Since stress induced velocity shifts are generally small ( .... (>.01 %), 
the required precision of time and distance measurements can be quite high for the short 
propagation distances required. This paper presents a set of design criteria which can guide 
the experimentalist in choosing the most suitable measurement configuration for Rayleigh 
wave techniques. Three approaches for measuring the acoustic velocity are considered: 
measurement of arrival time versus transducer separation for several discrete positions, 
measurement of arrival time for a pair of transducers at a fixed separation, and inference of 
the velocity from the V(z) response of an acoustic microscope. For each case, analytical 
formulae are developed which relate the precision of velocity measurement to the 
experimental parameters and the expected uncertainty in the data. These formulae are 
confirmed by comparison to experiment. 
BACKGROUND 
Stress (in the elastic region) can be inferred from the variation in ultrasonic wave 
speed which is described by the relation 
(1) 
where V and V 0 are the wave speed in stressed and unstressed media, respectively, (J is the 
the stress and K is the acoustoelastic constant. This method has advantages over other 
methods in that the average stress is measured in a region through which the ultrasonic wave 
propagates. For the case of Rayleigh waves this penetrates into the interior of the material to 
a depth of the wavelength, A.. This method is also convenient, quick to set up, portable, 
inexpensive, and free of radiation hazards (associated with x-ray techniques). The 
disadvantage is that the velocity shifts are small ( .... 10-4 or 10-5). Because of this, the 
measurements are susceptible to competing effects such as velocity shifts induced by texture 
[1]. Also, high precision time and distance measurements are needed and these sOmetimes 
require special consideration. Another disadvantage to this method is the low spatial 
resolution. Currently, spatial resolution tends to be on the order of several centimeters [2-5]. 
The goal of this work is to provide the foundation for the design and construction of an 
instrument which will improve spatial resolution by allowing high precision time and 
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distance measurements such that these small velocity shifts can be detennined in a very local 
region. For the sake of concreteness, we will aim for a resolution of a centimeter or less. 
Equation 1 can be applied to measurements made with any wave type when a suitable 
value of K is chosen. Here we consider the use of Rayleigh waves which can obtain 
information about a very localized region. Rayleigh waves have the further advantage over 
other types of surface waves such as hea4 or surface creeping waves in that their energy does 
not continuously leak into the interior of the material. However, the velocity shift for 
Rayleigh waves with stress is also small. An estimate for the shift in mild steel under 
uniaxial stress is given by Hirao et. al. [6] as 
t: = -0. 11 ell "" -lxlO-4 (at yield) (2) 
where ell is the strain in the loading direction which is taken to be 10-3 11 at yield. Therefore, 
high precision time and distance measurements are necessary if such velocity shifts are to be 
determined in a very localized region. 
MEASUREMENTS OF DISTANCE AND TIME 
In this study, when wedge transducers were used to excite the Rayleigh waves, 
distances were measured using a caliper. When the acoustic microscope was used, digital 
stepping motors controlled the distances. 
High precision time measurements were made in two ways. In the fIrst, the time 
delay of a particular zero-crossing in the signal was measured. In measurements with wedge 
transducers, the received signal was initially inspected on an oscilloscope screen to pick the 
zero-crossing of interest. An analog gate was then positioned such that this zero-crossing 
could be used to stop a digital counter, which had been initiated by the trigger pulse. 
Typically, time was averaged over 100 repetitions. In the acoustic microscopy 
measurements, the signal was digitized and the zero-crossing time was determined by an 
interpolation procedure. 
In the second technique for the measurement of time, a Fourier transform technique 
known as the phase-slope method was employed [7]. Two Rayleigh wave signals were 
digitized, Fourier transformed and manipulated such that only the phase component 
remained. Analysis of the phase determined the time delay. 
TECHNIQUES FOR MEASURING THE RAYLEIGH WAVE VELOCITY 
The three devices used to measure the Rayleigh wave velocity are shown in Figure 1. 
Single measurement Several measurements 
Acoustic microscope 
Figure 1. Three methods of measuring Rayleigh wave velocity. 
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Sinw< Measurement 
In the frrst method, a Rayleigh wave is transmitted along the material surface between 
two transducers on wedges or other Rayleigh wave transducers separated by a rigid spacer of 
known length, M. A single measurement of time, &1, is taken and the velocity (VR) is 
simply YR = &x/&t. 
The expected error in the velocity of the Rayleigh wave (denoted as the standard 
deviation OVR) is found from the propagation of the measurement errors of distance and time 
(crx and crt respectively). 
(3) 
As an example, consider a measurement with the parameters crx = 0.025 mm, 
crt = 0.001 Jlsec (which could be readily determined with calipers and a digital timer) and 
&x = 10.0 mm. Then CJVRNR = 2xl0-3. Since the stress induced velocity shifts are on the 
order of 10-4 or less, this method would not detect them unless the time and distance 
measurements were done to a much higher precision. If the uncertainty in distance could be 
eliminated by an off-line calibration, the standard deviation would be 3xlO-4 YR which is still 
too large. Thus, the achievement of acoustoelastic stress measurement with 10 mm 
resolution would require sub-nanosecond time measurements. 
Series of Measurements 
In the second method, a series of measurements similar to those described above are 
made. The velocity is then calculated by regression analysis of distance vs. time plots. 
There is a complication in the error analysis in this method, however. In classical least-
squares analysis, the uncertainty is assumed to be entirely in the dependent variable with the 
independent variable known absolutely. This is not the case with the measurements of 
distance and time for the Rayleigh wave velocity. When there is uncertainty in both the 
dependent and the independent variable the error is hard to estimate. However, the 
uncertainty in the independent variable can be included in that of the dependent variable when 
the independent variable values represent a set of preset values [8]. This implies that the 
independent variable values are determined frrst and the dependent variable is measured at 
these values. In our experiments, the distance was considered to be the independent variable 
and the time, the dependent variable. The error in the velocity is then found to be 
(OVR)2 =.Jl... (N-l) ((J2 +y2c?) Y 2 N(N+ 1) x R t 
R Ax . 
(4) 
Here, CJVR, crx and crt are the same as described above. N and .1x represent the number of 
measurements and the range over which they were taken, respectively. Equation 4 also 
assumes the preset, independent variable values are regularly spaced. This assumption is 
reasonable given the data acquisition procedure used for these experiments. Without 
regularly spaced values, Equation 4 would have a more complex form. 
Figure 2 shows an example of data taken on a section of railroad rail with two 2.25 
MHz transducers on Rayleigh wedges. Time differences were determined with an averaging 
counter. A classical, least-squares regression analysis leads to the velocity and uncertainty 
shown. Table 1 summarizes the results obtained by two operators on the same specimen in 
five separate runs. In all but one case, the individual velocities differ from their means by 
less than the standard deviation indicated by the regression analysis. 
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Figure 2. Rayleigh wave velocity on a section of railroad rail. 
Table 1. Summary of data taken on railroad rail. 
operator velocity std. dev. std. dev. 
(mm/~sec) (mm/~sec) % 
J 2.9801 0.0006 0.020 
J 2.9797 0.0008 0.026 
J 2.9811 0.0006 0.021 
J 2.9800 0.0005 0.016 
T 2.9793 0.0007 0.023 
MEAN 2.9800 0.0006 0.021 
As a check of our theory, Equation 4 has been evaluated with typical values (N = 12, 
ax = 0.025 mm, at = 0.001 ~sec, and Ax = 200 mm). The standard deviation is predicted to 
be <rvRfVR = lxlO-4 which is in qualitative agreement with the experimental results which 
were typically 2xl0-4. The velocity shifts due to stress should just be detectable with this 
method at these precisions of distance and time. However, the spatial resolution is not at the 
desired level of 10 millimeters. In order to achieve such a resolution with the stated 
uncertainties in distance and time, it would be necessary to increase N to 7608, an unrealistic 
proposition. Should the uncertainties in distance be eliminated, this would reduce to 106. 
Figure 3 presents Equation 4 in a normalized, graphical form. From this, the 
parameters desired to obtain any velocity precession can be determined. The three cases 
discussed above are indicated by discrete points. 
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Figure 3. Error vs. the number of points for Equation 4 
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An acoustic microscope and the two dominant signal paths. 
In the third method, an acoustic microscope is used to generate and receive the 
ultrasonic signal and the velocity is inferred from the variation of these signals with the 
distance from the lens to the sample. Figure 4 shows a typical configuration. The 
motivation for this approach is that the region sampled has dimensions less than the diameter 
of the lens. Hence, if sufficient accuracy can be achieved, very good spatial resolution could 
be expected. The transducer used as an acoustic microscope in our measurements nominally 
had a frequency of 50 MHz, a diameter of 0.635 cm and a focal length in water of 0.5 cm. 
The specimen examined was a piece of silicon nitride (SiJ N4) ceramic. Two different 
techniques for determining the time differences were explored to see which gave the best 
results. 
First Technique 
The Rayleigh velocity is traditionally obtained by measuring the difference between 
the travel times for the specular reflection (tl - path 1 in Figure 4) and the induced Rayleigh 
wave (t2 - path 2 in Figure 4) as the defocus is changed and plotting time difference vs. the 
defocus. 
tl - t2 = constant + (~Jz (5) 
The quantity, m, in Equation 5 is a function of the Rayleigh velocity and the wave velocity in 
the couplant It can be found from examining the geometry of Figure 4 [9]. 
(6) 
V2 is the velocity in the liquid couplant, VR is again the Rayleigh velocity and OR is the 
critical angle necessary to produce a Rayleigh wave. Solving Equation 6 for VR leads to 
Equation 7 which gives the Rayleigh velocity as a function of the slope of the defocus vs. the 
time difference plot. 
(7) 
The error in the Rayleigh velocity determined by this method is given by 
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-2 _ (CNR]2 2 (}VR- - (Jm 
am (8) 
am is the uncertainty in the detennination of the slope (m) and 'iJVwam is the partial 
derivative of Equation 7. 
Two trials were made with the acoustic microscope. The time difference tl-t2 was 
first detennined by digitizing the signals and interpolating to fmd the time of a selected zero-
crossing, an approach whose accuracy is ultimately limited by the sampling precision of ± 1 
bit out of 256 in the digitization procedure. Figure 5 presents the raw data for two separate 
runs. 
The results of data analysis are summarized in Table 2. Columns 2 and 3 define the 
experimental conditions. The fourth and fifth give the slope, m and uncertainty, amt. as 
detennined by a regression analysis. A second estimate of the uncertainty in m was obtained 
by using Equation 4 with the substitutions M -+ ~, ax -+ az = 0.001 mm, VR -+ m and 
at = 10-4 Ilsec. The results, denoted by am2, are given in Column 6 in Table 2. Given this 
information, VR was found from Equation 7. <JVRI and GyR2 were found from Equation 8 
using the values amI and am2 respectively and 'iJVRfi)m = 0.126. In all calculations 
V 2 = 1.500 mm/Ils. 
Table 2 Summary of the results in the analysis of the acoustic microscope data using the 
zero-crossing technique to measure time 
Trial 
1 
2 
N 
15 
19 
tlZ 
(mm) 
2.380 
1.980 
m 
(mm/Ils) 
23.222 
23.223 
amI 
(mm/Ils) 
8.46xlO-2 
8.87xlO-2 
am2 
(mm/Ils) 
8.9xlO-4 
9.6xlO-4 
VR 
(mm/JlS) 
5.9502 
5.9503 
aVRI 
(mm/Ils) 
l.1xlQ-2 
l.1xlQ-2 
Using the results given above the relative error (CJVRIVR) was found to be 
~:I = 2xlO-3 ~:2 = 2xlO-s 
<JVR2 
(mm/JlS) 
l.1xlO-4 
1.2xlQ-4 
(9) 
At this time, we do not have a full understanding regarding which of these errors is 
most relevant GyR2 represents the best one could expect, as limited by the precision of the 
digitization (1 part in 256), while GyRI represents the uncertainty implied by the degree of fit 
Figure 5. 
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Defocus vs. the time delay between the specular reflection and the Rayleigh 
wave. 
to a straight line in the regression analysis of the actual data. It is interesting, but perhaps 
accidental, that the repeatability of the two separate runs was closer to the theoretical limit 
than that suggested by the regression uncertainties. Several opportunities to improve the 
experimental data, such as sampling at a greater rate, will be investigated in the future and 
may resolve these questions. Nevertheless, it can be concluded that this technique has 
exhibited the expected high spatial resolution and appears to have the potential to exhibit the 
high time precision to detect stress induced velocity shifts. 
Second Technique 
Motivated by the desire to utilize the entire wavefonn to increase the precision of the 
time detennination, the acoustic microscope data was also analyzed a second way based on 
the phase-slope technique. The specular reflection was gated out and only the Rayleigh wave 
signal was digitized and Fourier transfonned. Two of the resulting signals (a reference and 
one at a different value of z) were divided. Since Rayleigh waves undergo little attenuation, 
the magnitude of the dividend is approximately one and only the phase component (,) 
remains. 
U(f) = ei, 
V(f) (10) 
U(f) and V(f) are the FFT of the two Rayleigh wave signals (in magnitude-phase form) and 
t3-14 is the time delay between them. The phase angle is a linear function of frequency and 
the slope of the plot of phase vs. frequency gives the time delay. 
slope 
t3-4=2;t (11) 
When this process was repeated for several signals at different values of z it yielded a 
series of time delays which varied linearly with z. The slope (m) of the plot of z vs. the time 
delay detennines VR as shown below. 
(12) 
The details of the fonnulation of Equation 12 are similar to that of Equation 7 (see 
Figure 4) but are based on comparing the times of two Rayleigh wave signals obtained at 
differing z rather than the times of the specular reflection and the Rayleigh wave at the same 
valueofz. 
For example, a typical signal had t3-14 = 0.142 J.1sec. A series of such measurements 
produced a plot of z distance vs. time with a slope (m) of 0.775 mm/J.1sec. From this value 
for m and equation 12, VR equaled 5.954 mm/J.1sec which is consistant in the qualitative 
sense with that obtained using the fIrst technique. The errors associated with this technique 
are still under study but preliminary results show that this method of comparing the times of 
two Rayleigh wave signals is not as good as that of comparing a front surface and Rayleigh 
wave signal. This is due to the larger value of the function avpji)m, the partial derivative of 
Equation 12, as compared to that given in Equation 8. Better precision than both techniques 
is anticipated by combining them in some way to get the advantages of each. 
CONCLUSION 
The shift in the velocity of a Rayleigh wave due to stress is typically a part in 1()4 or 
lOS. Three methods for measuring small velocity shifts were analyzed. Using the 
parameters of our current apparatus, none of the methods yields this precision while 
improving the spatial resolution to within millimeters. However, the study has identifIed 
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several paths with high potential for overcoming these limitations. Further work is in 
progress to determine and demonstrate the needed improvements in our apparatus and data 
analysis procedures. 
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